Introduction
Wood is modeled as a fiber composite material of transversely isotropic type. The elastic material constants of fiber composites vary along fiber directions. It is known that; the wood material behaves like a nonlinearly elas-istic description of the three orthotropic shear modulii of wood [24] .
In another similar publication; in which the Norway spruce was investigated again by means of the Arcan shear test, the data were obtained until failure occurs in each of the three orthotropic shear planes. In this latter study, the stress-strain curves were adapted to the linear, bilinear and Voce models [25] .
A new relationship to calculate the shear modulus 12 G in terms of off-axis modulus of elasticity o E of orthotropic specimens such as wood-based panels was proposed. The verification of shear modulus transformation rules to obtain basic engineering constants that agrees with reliable test data and the anisotropic elasticity theory was performed [26] . The shear stress versus shear strain expressions of transversely isotropic cylindrical bar under torsion, having a finite length, was described in terms of partial differential equations [27] [28] . In the current study, two coordinate systems were used to define the coordinate dependent strain variations of pinewood specimens under torque, applied in z direction. The results which were obtained by performing pointwise incremental measurements, were illustrated as curves of point-wise shear stress zφ τ vs. shear strain zφ γ , along the principal directions at the gauge locations. The torque loading was applied to the specimen in the ( ) r φ − plane at one end, while the other end was fixed. The related data which was gathered from all these points was shown as separate curves for each test case. The purpose was to show the variations of the
[29] [30] . Consequently, these curves were formulated as empirical mathematical equations. In each test case, the coordinate dependent variations of the shear modulus functions
along the r , φ and z directions, respectively, were generated on the circumferential surface of the tubular specimen.
Experiment and Method
Tubular pinewood specimens were used in this study (Figures 1(a)-(c) ). The average moisture content of the material was measured and tabulated around 6% -7% levels. Meanwhile, the geometry of the specimens were formed by taking fillet depths equal to the radius of the outer portion of the wood shaft (see Figure 1(c) ). Thus, it became possible to minimize stress concentrations around specimen headings. The torsion load in Equation (1) was applied on the transverse plane (r φ − plane, Figure 1 (b)) which had a unit normal vector k along the z direction.
The measured coordinate dependent point-wise shear strain data ( ) z pw φ γ generated by the applied torque T .
All experiments were performed in room temperature by making use of uni-axial and tri-axial rosette gauges. These gauges were bonded onto the specimens at definite locations (Figure 1(a) ). In order to minimize the deviations in the test results; these specimens were manufactured from a single tree trunk. The forming procedure was performed on the wood specimens in such a way that their fibers lay longitudinally parallel to the trunk. However, there were intrinsic structural differences stemming from the number and radii of annual rings in the part of the trunk from which the specimen was taken out. The experimental set-up was displayed as a schematic diagram in Figure 2 . The torsion loading was applied by using TQSM-21 torsion testing machine [31] . Data was collected by employing a specialized units [32]- [34] . The set-up included torsion test machine and two different data acquisition systems. In this study, the data was simultaneously stored in terms of output voltage difference
As a first step, the normal strain values were obtained by reading the voltage differences from the display of the unit, and as a second step, these normal strains were converted into shear strains by using Mohr's circle [35] .
Measurements
In the consideration of the resultant curves ( ) [36] . Only the forward loading case was considered in the empirical formulation of this study. Results of the experimental studies were analyzed mainly in two steps. Firstly, specific locations were defined along the r , φ , z directions on the specimens and shear stress versus strain ( ) Secondly, the variations of point-wise shear modulus values of each specimen were shown as shear modulii
r z φ directions [28] . Subscripts of shear modulus, z φ − represent the transverse surface; on which the torque was applied, On the other hand, circumferential surface is represented by using subscripts r φ − . Strain gauges, on which measurements were taken, were installed along the z-axis (Figure 1(a) ). At the following step of the experiment; exponential and quadratic equations of the variations were tabulated. Measurements were performed by considering two reference coordinate systems in order to explain the wood specimen behavior: global cylindrical coordinate system ( ) , , r z φ and local coordinate system (wood fiber arrangement based on principal material directions; 1, 2, 3) (Figure 1(a) ). The local and global coordinate systems were used together for the definition of MA (measurement axis). MA served as a variable of wood fiber
The angular positions of the strain gauges on the circumferential surface relative to z -axis, were aligned with respect to maximum shear stress. The maximum shear stress was the stress formed around MA. These angular positions were denoted as MAA (Measurement Axis Angle) and they were taken as Equation (2).
(Each MA lies on the 1-3 principal plane which corresponds to r φ − plane (Figure 1(b) ). Measurement Axis Angle MAA is relatively different from the geometrical central axis angle φ . MAA was defined on the 1-3 principal material plane which was attached on the surface of the cylinder. The first strain gauge was attached with 45 +  angle in the principal material axis-1. All other gauges were also located along this direction (Figure 1(a) ). Application of gauges in in r , out r , in φ , out φ locations were repeated in similar way. In the rest of the study, z-axis was rotated to be z′ such that it coincided with MA. Invariants 1 2 3 , , I I I remain constant with respect to coordinate transformations. Stress and strain components were uncoupled along the principal directions for (Figure 1(b) ). Only along the principal directions, principal stress and strain values of the isotropic materials coincided with the principal values of fiber composite materials on the Mohr's circle [30] [37] [38] . Thus, it became easier to understand the behavior of the wood material under torsion and to compare it with that of the isotropic material. Accordingly, the shear modulus functions were derived along the MA directions for the corresponding principal stresses and strains. In literature, the shear modulus, shear strength, and principal strain angle were measured from the shear stress/ shear strain relation obtained by Iosipescu shear tests. Tests were conducted, and the validity of the in-plane shear tests was examined for the thin strips of western hemlock (Tsuga Heterophylla Sarg.) [39] . In this work, the torque value T as measured incrementally from the torsion testing machine. Variation of ( ) 
Experimental results were discussed in the following section in detail.
Results and Discussion
Distributions of shear modulus functions and related empirical formulas were determined for pinewood. Beside this, average and equivalent mechanical properties of shear modulus values avg G corresponding to the average shear stresses zφ τ for different types of wood (pine, oak, chestnut, hornbeam) were measured and results were listed in Table 1 . These measurements were performed without using strain gauges and the related data was obtained from the second form of the nonlinear exact tri-linear curve ( )
In the application direction of torsion loading; since the resultant curves ( ) This distribution is obtained through the specified coordinates of MAA at the outer and/or inner surfaces of specimens (see Figures 1(a)-(c) ).
In Figure 3 , the outer and inner surface Table 2 . Experimentally determined linear and nonlinear shear modulus functions of pinewood. tests, gauges were located on both inner and outer surfaces with 0 ,120 , 240 Figure 6 ). At these locations of φ , the variations of 2) Shear stresses formed on the outer surface are smaller than the shear stresses formed on the inner surface because shear stresses on the inner surface accumulate densely and shear stresses on the outer surface do not accumulate that densely. Empirical expressions of
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were obtained for tubular specimens by statistically evaluating the coefficients avg avg avg , , A B C from the related experimental data. These coefficients were tabulated in Table 3 Table 2) . 
2) According to our study it is concluded that, 3) In our study it is also defined that, obtained shear modulus values along the 0˚ fibers are larger than the other two 45˚ and 90  directed measurements performed with tri-axial rosette gauges. Results obtained from 4) The negative shear strains which develop at the measurement points as a consequence of forward loading applying can be explained by contraction of the material along the fibers. Thus, behavior of the shear strains are dependent both upon arrangement of the wood fibers and the load applying direction ( Table 3) .
5) According to the results of measurements along the MA directions using tri-axial rosette gauges, we have concluded that, the relative shear strain changes between 0˚ -45˚ and 45˚ -90˚ angles are not equal to each other. The difference of shear strains between the 0˚ -45˚ directions is smaller than the directions between 45˚ -90˚.
We recommend further additional experiments, in order to enhance the understanding of complex wood behavior under torsion loading. The stress accumulation phenomenon at the critical points along the wood fibers should be supported by further experimental studies in future and in our opinion this is especially important for the aircraft engineering area.
